We present a multidisciplinary biosphere-atmosphere field campaign. We measured a gradient from semi-desertic shrublands to wet temperate forests. A wide range of instruments and vertical platforms were used. Land cover strongly influenced emissions of BVOCs and gas, energy and water exchange. Vegetation has strong potential for feed-back to atmospheric chemistry and climate. a r t i c l e i n f o a b s t r a c t MONTES ("Woodlands") was a multidisciplinary international field campaign aimed at measuring energy, water and especially gas exchange between vegetation and atmosphere in a gradient from short semi-desertic shrublands to tall wet temperate forests in NE Spain in the North Western Mediterranean Basin (WMB). The measurements were performed at a semidesertic area (Monegros), at a coastal Mediterranean shrubland area (Garraf), at a typical Mediterranean holm oak forest area (Prades) and at a wet temperate beech forest (Montseny) during spring (April 2010) under optimal plant physiological conditions in driest-warmest sites and during summer (July 2010) with drought and heat stresses in the driestewarmest sites and optimal conditions in the wettestecoolest site. The objective of this campaign was to study the differences in gas, water and energy exchange occurring at different vegetation coverages and biomasses. Particular attention was devoted to quantitatively understand the exchange of biogenic volatile organic compounds (BVOCs) because of their biological and environmental effects in the WMB. A wide range of instruments (GCeMS, PTR-MS, meteorological sensors, O 3 monitors,.) and vertical platforms such as masts, tethered balloons and aircraft were used to characterize the gas, water and energy exchange at increasing footprint areas by measuring vertical profiles. In this paper we provide an overview of the MONTES campaign: the objectives, the characterization of the biomass and considered. There were clear daily and seasonal patterns with higher emission rates and mixing ratios at midday and summer relative to early morning and early spring. There was a significant trend in CO 2 fixation (from 1 to 10 mg C m À2 d À1 ), transpiration (from 1e5 kg C m À2 d À1 ), and sensible and latent heat from the warmestedriest to the coolestewettest site. The results showed the strong land-cover-specific influence on emissions of BVOCs, gas, energy and water exchange, and therefore demonstrate the potential for feed-back to atmospheric chemistry and climate.
a b s t r a c t MONTES ("Woodlands") was a multidisciplinary international field campaign aimed at measuring energy, water and especially gas exchange between vegetation and atmosphere in a gradient from short semi-desertic shrublands to tall wet temperate forests in NE Spain in the North Western Mediterranean Basin (WMB). The measurements were performed at a semidesertic area (Monegros), at a coastal Mediterranean shrubland area (Garraf), at a typical Mediterranean holm oak forest area (Prades) and at a wet temperate beech forest (Montseny) during spring (April 2010) under optimal plant physiological conditions in driest-warmest sites and during summer (July 2010) with drought and heat stresses in the driestewarmest sites and optimal conditions in the wettestecoolest site. The objective of this campaign was to study the differences in gas, water and energy exchange occurring at different vegetation coverages and biomasses. Particular attention was devoted to quantitatively understand the exchange of biogenic volatile organic compounds (BVOCs) because of their biological and environmental effects in the WMB. A wide range of instruments (GCeMS, PTR-MS, meteorological sensors, O 3 monitors,.) and vertical platforms such as masts, tethered balloons and aircraft were used to characterize the gas, water and energy exchange at increasing footprint areas by measuring vertical profiles. In this paper we provide an overview of the MONTES campaign: the objectives, the characterization of the biomass and gas, water and energy exchange in the 4 sites-areas using satellite data, the estimation of isoprene and monoterpene emissions using MEGAN model, the measurements performed and the first results. The isoprene and monoterpene emission rates estimated with MEGAN and emission factors measured at the foliar level for the dominant species ranged from about 0 to 0.2 mg m À2 h À1 in April. The warmer temperature in July resulted in higher model estimates from about 0 to ca. 1.6 mg m À2 h À1 for isoprene and ca. 4.5 mg m À2 h À1 for monoterpenes, depending on the site vegetation and footprint area considered. There were clear daily and seasonal patterns with higher emission rates and mixing ratios at midday and summer relative to early morning and early spring. There was a significant trend in CO 2 fixation (from 1 to 10 mg C m À2 d À1 ), transpiration (from 1e5 kg C m À2 d À1 ), and sensible and latent heat from the warmestedriest to the coolestewettest site. The results showed the strong land-cover-specific influence on emissions of BVOCs, gas, energy and water exchange, and therefore demonstrate the potential for feed-back to atmospheric chemistry and climate. Ó 2013 Elsevier Ltd. All rights reserved.
Introduction
Woodlands and the atmosphere are coupled. Climate and atmospheric composition determine vegetation distribution, cover, biomass and functioning, and at the same time are sensitive to composition and conditions in woodlands. Woodlands act as a sink for CO 2 , absorb ozone and other pollutants such as CH 4 , SOx or NOx, play a crucial role in the water cycle and emit biogenic volatile organic compounds (BVOCs), which can lead to the formation of ozone and aerosols (Claeys et al., 2004) . These aerosols, in turn, can scatter solar radiation and act as condensation nuclei for precipitation. Thus, woodlands are strongly affected by atmospheric and climatic changes, but at the same time in a strong feedback interaction play a major mediating role in determining the composition and climate of the atmosphere. In particular, land cover and biomass alter climate through the effects of biogeochemical processes (especially photosynthesis and carbon sequestration) and physical properties (mainly surface energy and water balance) of the vegetated land surfaces.
CO 2 uptake is the main biogeochemical process involved in this woodlandeatmosphere interaction, but it is not the only one. A larger green biomass increases CO 2 uptake but also further increases the total biogenic volatile organic compounds (BVOC) emissions (Claeys et al., 2004) . The increased fixing of CO 2 in the biosphere decreases its concentration in the atmosphere and thus reduces its influence on the greenhouse effect (IPCC, 2007) . The increases in the emissions of BVOCs might also make a significant contribution to the complex processes associated with global warming (Claeys et al., 2004) . Until recently, the short lifetime of BVOCs was thought to preclude them from having a significant direct influence on climate. However, there is emerging evidence that this influence might be important at different spatial scales, from local to regional and global, through aerosol formation and direct and indirect greenhouse effects. BVOCs generate large quantities of organic aerosols (Laaksonen et al., 2008; Jiang et al., 2009; Spracklen et al., 2010 ) that could affect climate by forming cloud condensation nuclei. The result should be a net cooling of Earth's surface during the day because of radiation interception. Furthermore, the aerosols also diffuse the light received by the canopy increasing CO 2 fixation. However, the BVOCs also increase ozone production and the atmospheric lifetime of methane, thus enhancing the greenhouse effect of these gases. Whether the increased BVOC emissions will cool or warm the climate depends on the relative weights of the negative (increased albedo and CO 2 fixation) and positive (increased greenhouse action) feedbacks (Claeys et al., 2004) .
A larger presence of the green cover should also alter physical processes such as surface albedo, latent and sensible heat, and turbulence processes that influence boundary layer meteorology and climatology more immediately and more regionally than does a change in CO 2 concentration. With larger leaf biomass, latent heat flux increases and the Bowen ratio (the ratio of sensible to latent heat) decreases. There is also a more efficient coupling between the land and the atmosphere attributable to an increase in surface roughness, which lowers aerodynamic resistance and can thus also lead to a cooler wetter atmospheric boundary layer (Bonan, 2008) .
The larger presence of green cover and biomass may thus generate a cooling by sequestering more CO 2 and increasing evapotranspiration. However, this carbon fixation and evaporative cooling may decline if drought becomes more frequent, or when water availability decreases later in the summer season. In fact, an early onset of vegetation green-up and a prolonged period of increased evapotranspiration seem to have enhanced recent summer heat waves in Europe by lowering soil moisture (Zaitchik et al., 2006; Fischer et al., 2007) . The depletion of summer soil moisture strongly reduces latent cooling and thereby amplifies the surface temperature anomalies (Peñuelas et al., 2009) . In wet regions and seasons, additional water vapor may form clouds that contribute to surface cooling and increased rainfall in nearby areas, whereas in drier conditions, a higher presence of the green cover may warm regional climate by absorbing more sunlight without substantially increasing evapotranspiration.
There are many unknowns in the final balance that all these biogeochemical and biophysical impacts have on local, regional and global atmosphere composition and climate. One problem is that our knowledge of vegetation influence on climate comes mostly from models that are abstractions of complex physical, chemical and biological processes in the land-atmosphere system. Plant physiological and phenological formulations of current models used in global climate simulations are highly empirical and employ a few local-scale findings representing only a fraction of the global bioclimatic diversity. In consequence, a quantification and a more realistic mechanistic representation of the effects of having different biomasses covering land surface on the changes in temperature and water exchange, and finally on the atmospheric composition and dynamics are needed. In particular, landscape scale evaluations are required to assess the reliability of these models.
In recent decades, climate, chemical composition of the atmosphere, and land-use are experiencing rapid changes. These changes are likely to have a great influence on woodland biomasses and coverages and therefore in woodlandeatmosphere interactions, but little experimental evidence is available. The actual roles of these woodlandeatmosphere interactions at the local, regional and global scales are still poorly understood, as pointed out by international programs such as IPCC (Intergovernmental Panel on Climate Change), IGBP (International Geospheree Biosphere Programme) and ILEAPS (Integrated Land EcosystemAtmosphere Processes Study).
We aimed to improve the knowledge of woodlandeatmosphere interactions at the local and regional scales by conducting two campaigns, one in spring and one in summer in which we measured gas (CO 2 , O 3 , N 2 O, CH 4 and especially BVOCs), water and energy exchange between vegetation and atmosphere in a gradient of vegetation cover and biomass from short semidesertic shrublands to tall wet temperate forests in NE Spain in the North Western Mediterranean Basin (WMB). The measurements were performed at a semidesertic site (Monegros), at a coastal Mediterranean shrubland site (Garraf), at a typical Mediterranean holm oak forest (Prades) and at a wet temperate beech forest (Montseny) during spring (April 2010) under optimal plant physiological conditions in the driestewarmest sites and during summer (July 2010) with drought and heat stresses in the driest-warmest sites but not in the wettestecoldest sites. In order to adequately interpret the effect of the green cover and its seasonal-phenological changes, we conducted a multidisciplinary observational field study and complemented it with modeling and remote sensing. With this combination of approaches we aimed to study the processes controlling planteatmosphere interactions at various scales, from leaf to canopy, and from landscape to regional. We used a range of stateof-the-art measurement systems to quantify and characterize these interactions. These systems included environmentally-controlled cuvettes, mast sampling systems, tethered balloon and aircraft vertical profiling systems. We thereafter integrated ground-based and airborne field measurements of surface fluxes and atmospheric composition of reactive trace gases. We also used the Model of Emissions of Gases and Aerosols from Nature (MEGAN) to estimate net terrestrial emission of isoprene and monoterpenes from vegetation into the atmosphere. The model predicted emissions are discussed and compared to field measurements at various scales. The factors controlling isoprene emissions include biological, physical and chemical driving variables. MEGAN driving variables were derived from ground observations and emission factors of land cover species from the literature and from measurements of the dominant species in each site. In this paper we provide an overview of the objectives, measurements performed and first results within the MONTES campaign.
Methods

Site descriptions and satellite and land cover data
Measurements were conducted at four sites, each characteristic of a region of NE Spain. Campaigns included early spring, in April, 2010 and summer, July, 2010. The selected measurement sites were a semisdesertic arid shrubland site, Monegros (MOG), a coastal Mediterranean shrubland site, Garraf (GAR), a holm oak Mediterranean forest site, Prades (PRA), and a wet temperate beech forest site, Montseny (MSY) (Fig. 1) .
We used satellite data from MODIS sensor to estimate vegetation biomass, vegetation productivity (CO 2 uptake), temperature, latent heat, and evapotranspiration. We used the MOD13Q1 Vegetation Indices ( Evapotranspiration (ET) 8-Day L4 Global Collection 5. We obtained the data for increasing surfaces of radius 10, 50, 100, 500, 1000, 5000, 10,000 and 50,000 m. We calculated the mean and standard deviation values of each one of these variables for all pixels after using the Quality Filter of MODIS products.
Species land cover in each one of the increasing footprint areas in the Catalan sites (Garraf, Prades, and Montseny), was assessed using the Land Cover Map of Catalonia (MCSC) generated by photo interpretation data captured from the Catalonia orthophotomap with 0.5-m pixel grid produced by the ICC (Cartographic Institute of Catalonia). The resulting vector map, which accounts for more that 230 landscape categories, was generated using a standard procedure (Ibàñez and Burriel, 2006) . We used this map (rasterized at 2-m pixel grid). For Monegros area we used the COoRdinate INformation on the Environment (CORINE 2000; http://www.eea. europa.eu/dataand-maps/data/corine-land-cover-2000-clc2000-seamless-vector-database), European database based on 40 different types of surfaces over Europe with the resolution of 250 m. This database is provided by the European Environmental Agency, EEA (http://dataservice.eea.eu.int/dataservice). For all four areas a data set of plots were selected with incremental area starting to 10 m radius and ending to 50 km radius. For each radius the corresponding area was analyzed with MiraMon SIG (Pons, 2011) thus obtaining a set of tables with the distribution of land cover types. In addition, for each area and radius four orientations (northeeast, southeeast, southewest and northewest) were selected. As example, the table of Fig. 2 shows the results for the Montseny area for the plot of 1000 m radius and for each one of the four orientation quadrants.
Measurements platforms: masts, balloons and aircraft
We followed the diurnal evolution of fluxes and vertical concentration profiles of VOC, CO 2 , CH 4 , N 2 O, CO, ozone, wind, temperature, and humidity every 2e3 h, from sunrise to evening and night, at least two whole days in spring and summer in each site using foliar, tower, balloon and aircraft platforms (Fig. 3 ). Fluxes were directly measured using foliar enclosure systems (VOC, CO 2 , H 2 O) and a short tower (sensible and latent heat). Sampling of air was conducted using adsorbing tubes attached to five different platforms: foliar cuvettes, masts, two tethered balloons at different altitudes, and an aircraft, that allowed us to sample air at the leaf level (foliar cuvettes coupled to gas exchange systems), at the canopy level at 2 and 10 m (masts), at 5, 20, 40, 60, 80 , and 100 m on one balloon with a tube conducting sample air from the balloon height to a ground-based, on-line PTR-MS, and second balloon, with individual BVOC sampling devices at 100, 200, 300, 400 m, and at several altitudes until reaching and passing the boundary layer at several thousand meters (with an aircraft). The airborne measurements were conducted using a light aircraft (Cessna C172/ 182) with an inlet consisting of a Teflon tube positioned in the air vent at the front edge of the wing which enabled sampling of air that was not contaminated by the aircraft engine.
Leaves
Measurements at the foliar level were performed on one branchlet with fully expanded, sunlit leaves of the dominant (or representative one at sites without a clear dominant like in Monegros) species in each site: Thymelaea tinctoria in Monegros, Quercus coccifera in Garraf, Quercus ilex in Prades and Fagus sylvatica in Montseny. Three individuals of each one of these species were sampled five times daily for each sampling date. Measurements of net photosynthetic rates, stomatal conductance and terpene levels were conducted using a gas-exchange system (CI-340 Hand-Held Photosynthesis System, CID, Inc., Camas, WA 98607 USA). Leaves were enclosed in a 35 cm 2 clip-on gas-exchange cuvette. Air from Fig. 2 . Example of the distribution of land cover types in one of the 4 sites studied: Montseny. The area and species cover for the plot of 1000 m radius (with the four corresponding quadrants) is shown as an example, of the plots of 10, 50, 100, 500, 1000, 5000, 10,000 and 50,000 m considered in the study. the cuvette was pumped through a glass cartridge (8 cm long and 0.3 cm internal diameter) manually filled with terpene adsorbents Carbopack B, Carboxen 1003, and Carbopack Y (Supelco, Bellefonte, Pennsylvania) separated by plugs of quartz wool. Samples were taken using a Qmax air sampling pump (Supelco, Bellefonte, Pennsylvania). In these cartridge tubes, terpenes did not undergo chemical transformations as checked against trapped standards (apinene, b-pinene, camphene, myrcene, p-cymene, limonene, sabinene, camphor, a-humulene and dodecane). Prior to use for terpene sampling, these tubes were conditioned for 15 min at 350 C with a stream of purified helium. The sampling time was 10 min, and the flow varied between 470 and 500 mL min À1 depending on the glass tube adsorbent and quartz wool packing. The trapping and desorption efficiency of liquid and volatilized standards such as a-pinene, b-pinene or limonene was 99%. Blank air sampling on tubes was conducted for 10 min immediately before and after each measurement without a leaf in the cuvette. The glass tubes were stored in a portable fridge at 4 C and taken to the laboratory. There, glass tubes were stored at À28 C until the analysis. In calculations of the terpene emission rates, terpene contents in the blank samples measured without the plants were subtracted from the samples measured with the plants.
Urban areas
Masts
Five masts were deployed around the central sampling point in an area of 2 km radius. The masts had a VOC sampling package attached at 2 and 10 m altitude. They also had a portable weather station (Kestrel 4500, Nielsen-Kellerman Boothwyn, PA, USA).
The pumps of the packages sampled air at the mentioned heights during a 30 min sampling period (flow w0.2 L min À1 ).
Temperature, humidity and wind were measured on the masts with meteorological sensors located at the heights of the VOCs sampling packages. Syringe samples were taken at 2 m on the masts for further analysis of CO 2 , CH 4 , and N 2 O.
Surface layer balloon
Measurements of volatile organic compounds (VOCs), methane, and carbon dioxide in the surface layer (5e100 m above ground level) were made with a tethered balloon platform, referred to here as the surface layer balloon. A 12 m 3 helium-filled blimp-shaped balloon (Blimpworks, Statesville, NC, USA) was used to lift the inlet of a Teflon sampling line (6.35 mm outside diameter, 4.83 mm inside diameter) to altitudes up to 100 m above the surface. The outlet end of the Teflon line was connected to a sampling pump (model 1023-101Q-G605X, Gast Manufacturing Co., Benton, MI, Fig. 3 . Altitudinal profile of measurement in each site and pictures of the platforms used in the study: foliar chambers, masts, eddy covariance tower, surface layer and mixed layer tethered balloons and aircraft (see Table 1 ).
USA). Ambient air was pulled through the inlet at various altitudes at a flow rate of approximately 10 L per minute, controlled by a mass flow meter just before the inlet of the pump. Air was sampled from ports located between the flow controller and the pump. The balloon was raised to altitudes of 5, 20, 40, 60, 80, and 100 m, successively (and returned in the same order). The altitude was maintained for 5 min, while measurements of the various gases were made. The balloon was held at 100 m for 30 min to examine the variance of mixing ratios of the several gases at that altitude. Several sensors were used to measure different components of the air. A proton transfer reaction mass spectrometer (PTR-MS; Ionicon, Innsbruck, AU) was used to measure several VOCs (methanol, acetaldehyde, acetone, acetic acid, isoprene, monoterpenes, benzene, toluene) in air at the sampling locations. A meteorological package, measuring temperature, relative humidity, altitude, and wind direction, was mounted under the balloon. The profiles of the gases measured were examined to determine diurnal patterns and the average concentration in the lowest 100 m of the atmosphere (Fig. 3) and were compared to surface samples collected on the masts at five locations near the balloon launch site, in order to determine the variability in emission characteristics within the landscape.
The sites visited were mostly uneven topographically, and the vegetation was often not uniformly distributed in the footprint of the air sampling measurement. Consequently, dynamics of local meteorology limited straightforward computation of VOC fluxes from the surface. However, the concentration measurements were used to inform an inverse modeling approach to estimate these emissions. The NCAR CESM (Community Earth System Model) was used to estimate VOC lifetimes used to relate observed concentrations to emissions.
Mixed layer balloon
Vertical profiles of BVOC at different heights (100, 200, 300, 400 m) within the daytime mixed atmospheric boundary layer were carried out with a blimp shaped tethered balloon (Blimp Works, Statesville, NC, US; z9 m 3 or 319 cu.ft helium; z4,72 Kg or 10.4 lbs free lift), and programmable automatic air samplers (SKC Inc., USA). This balloon, referred to here as the mixed layer balloon, was placed at a distance of 200e300 m from the surface layer balloon to avoid disturbance between the tether lines. The maximum height of operation was 400 m above ground for reasons of air traffic control. To raise and lower the balloon an electric winch was operated by a 12 V DC car battery. Balloon ascents to and descents from 400 m required approximately 30 min, but sometimes strong winds required longer descent rates. Four profile measurements were generally made daily (10:00e 17:00 local time, LT ¼ UTC-1) and in some cases an additional profile was conducted late in the evening (18:00e19:00 LT). Altogether, 8e12 profiles were collected for each site during April and July field campaigns.
VOCs were directly collected into glass cartridges (160 mm length, 3 mm I.D.) packed with 90 mg Tenax TA Ò (Restek Corp., USA), and 130 mg of Carbograph 5 TD (Lara, Rome, Italy) set in series (Ciccioli et al., 2002) . Before sample collection traps were cleaned by passage of a stream of pure helium at a flow-rate of 100 ml min À1 for 3 h at 250 C. Three to four programmable automated air sampling systems (pocket pump 210 series, SKC Inc., PA, USA) were attached at different positions on the tether line at 100 m 200 m, 300 m, 400 m distance from the winch Automatic samplers were programmed to allow the simultaneous sampling of BVOC at the different levels. Cartridges were sampled at a constant flow rate of 150 ml min À1 for 60 min in order to sample sufficient air volume (6e9 L) for the analysis of isoprenoids (Brancaleoni et al., 1999) . In front of the cartridge, glass fiber filters (Pall Life Science Acrodisc, MI, USA) soaked with potassium iodide were installed in order to remove ambient ozone and, consequently, to avoid VOC losses through reaction with ozone (Helmig, 1997) . After sampling, the cartridges were kept at 0e4 C and transported to the laboratory where they were stored at À20 C until analysis (within 30 days). Air samples were taken simultaneously with measurement of atmospheric parameters (air temperature, relative humidity, pressure, wind speed and direction) by a portable weather station (Kestrel 4500; Nielsen-Kellerman, Boothwyn, PA, USA), attached 1 m beneath the balloon.
Additional lightweight temperature and pressure programmable sensors (PCE-MSR145, PCE Instruments, Southampton, UK) were attached to each pump. Data from the temperature and pressure sensors were recorded with a sampling rate of 1 s and downloaded after each flight. Altitude was exactly determined from pressure data recorded during sampling.
Aircraft
We began each aircraft flight with a vertical profile to determine the height and mean characteristics of the boundary layer and the entrainment zone. Subsequently, the aircraft flew in a slow descending spiral, centered on the ground intensive site, with a radius of about 10 km. We conducted continuous observations of temperature, water vapor density and ozone mixing ratio. Furthermore, grab samples (either glass flasks or Teflon bags) along the flight path allowed for measurement of CO 2 and N 2 O, as well as VOCs. VOCs were also measured by filling adsorbent cartridges as described for the mast and mixed layer balloon samples. This set up provided daily altitude profiles throughout the boundary layer of VOC, CO 2 , CH 4 , N 2 O, ozone, temperature, and humidity in each site in the spring and summer campaigns.
Instruments
The instruments used in the campaigns are listed in Table 1 . Meteorological stations providing wind speed and direction data, temperature, relative humidity, and solar radiation were installed at each one of the 4 measuring sites. In the mast and balloons Kestrel meteorological sensors were installed as described above. Surface energy exchanges of sensible and latent heat were measured by eddy covariance using an ultrasonic anemometer (RM Young, Model 81000V) and a Krypton hygrometer (Campbell Scientific, Model KH20). Net radiation (REBs, Model Q*7.0) was also measured to ascertain the degree of energy balance at each site; direct and indirect solar radiation was also measured (BF5 Sunshine Sensor, Delta-T Devices Ltd, Cambridge, UK). These instruments In the aircraft, state parameters of temperature, pressure and aircraft position (altitude, latitude and longitude), relative humidity were measured using meteorological station sampling from the wing air intake. Air was also drawn from the wing intake through a Teflon line. From this line, ozone was monitored by UV-absorbance (2B Technologies, Model 205) and to sample air via cartridges for isoprene and terpene as well as air flasks for later analyses of CH 4 , CO 2 , and N 2 O in the GC. For the continuous instruments (GPS, meteorology and ozone), signals were recorded at 1 Hz frequency. Data was logged on the individual sensors. The time clocks for the different instruments were synchronized prior to each flight.
Samples for CO 2 , N 2 O, and CH 4 analyses were collected into 5 mL septum-sealed glass sample vials at the altitudes sampled on the masts, surface layer balloon and aircraft by double needle sampling at the different altitudes and analysed with GC. N 2 O, CO 2 and CH 4 mixing ratios were determined by gas chromatography (GC) (Agilent, 7890A) equipped with an electron capture detector (ECD) for N 2 O detection and a flame ionization detector (FID) for CH 4 . For the determination of CO 2 , the GC was equipped with a methanizer to reduce CO 2 up to CH 4 . A capillary column (IA KRCIAES 6017: 240 C, 30 m Â 320 mm) was used and the samples were injected by means of a headspace autosampler (Teledyne Tekmar HT3) connected to the gas chromatograph. Standards of N 2 O, CO 2 and CH 4 were stored and analysed at the same time as the samples.
Isoprenoid analyses were performed by thermal desorption using a Thermal Desorption Cold Trap Injector (Chrompack, Middleburg, The Netherlands), followed by gas chromatographic separation (HP 5890 Hewlett Packard, Paolo Alto, CA, USA) and mass spectrometric detection (HP 5970 Hewlett Packard) according to Baraldi et al. (2004) and Asensio et al. (2012) . Additional samples were also analyzed by similar techniques (Greenberg et al., 1999; Llusia et al., 2010) .
VOCs retained on the adsorption traps were thermally desorbed at 250 C and released compounds focused in a fused silica liner kept at À150 C. The concentrated sample was then injected into the chromatographic column by raising the temperature of the liner up to 230 C in 1 min. VOCs, transferred to the capillary column (60 m Â 0.25 mm I.D.; 0.25 mm film of polymethylsiloxane; HP1, Hewlett Packard) by heating the fused silica liner to 250 C for 5 min, were separated maintaining the oven temperature at 40 C for 10 min and programming to 220 C at 5 C min
À1
. Terpene compounds were detected by selective ion monitoring (SIM) mode where m/z 68, 71, 91, 93, 121, 136 ions were generally selected for monoterpenes, and m/z 53, 67, 68 for isoprene.
The identity of the compounds of interest was achieved by comparison of their retention time and mass spectra with those provided by authentic standards and by the Wiley 275 library. Quantification of isoprenoids was performed after calculation of standard curves and response factors for each compound . Runs with the laboratory standards were performed every 20 GCeMS analyses. Detection limits for the isoprenoids were approximately 1 pptv.
Real time VOCs measurements were performed by means of a high sensitivity proton transfer reaction mass spectrometer (PTR-MS) (Ionicon Analytik GmbH: Lindinger et al., 1998) equipped with three Varian turbo molecular pumps and heated Silcosteel inlet. The main gas sample line (PTFE, 1/200 OD, 0.3600 ID and 110 m in length) connected the PTR-MS to the inlet located below the surface-layer balloon. The PTR-MS was housed inside an airconditioned caravan located a few meters away from the central point of each site. Visual inspection confirmed that no condensation occurred in the main inlet. Drift tube pressure, temperature and voltage were typically maintained at 2.3 hPa, 50 C and 580 V respectively, which corresponds to an E/N of 122 Td (E being the electric field strength and N the gas number density; 1 Td ¼ 10 À17 V cm 2 ), and the primary ion count was in the range 6e 8 Â 10 6 ion counts per second (cps). Sensitivity calibrations were performed by dynamic dilution of an aromatic VOC gas standard (TO-14A, Restek, Bellefonte, PA, USA). The calibration gas contained benzene, toluene, chlorobenzene, dichlorobenzene, styrene, ethyl benzene, xylene, trimethylbenzene, and trichlorobenzene. In addition, vapors of isoprene and monoterpene (a-pinene and limonene) liquid standards were sampled to measure their relative transmission efficiency and their fragmentation pattern. Monoterpenes fragment in the drift tube to m/z 81 and 137 in a humidity dependent process, hence their sensitivities were calculated as the sum of the two masses. For those compounds not contained in the gas mixture, empirical sensitivities were calculated based on the instrument specific transmission characteristics, individual ionmolecule reaction rates, the VOC fragmentation pattern and the proton transfer reaction rate coefficients. The instrument background was monitored by sampling ambient air that had passed through a zero air generator, which was comprised of a stainless steel tube packed with platinum catalyst pellets heated to 380 C. The PTR-MS was used for continuous sampling from the surface layer tethered balloon during the day and then in the evening was used to analyze glass flask and Teflon bag samples collected on the aircraft earlier that day.
Gas, energy and water exchange calculations. Data processing and analyses
The MONTES observations were used to determine boundary layer height, vertical profiles, and surface exchanges using the above mentioned analysis techniques. Boundary layer height was estimated from aircraft observations of large changes in potential temperature (warmer aloft), humidity (drier aloft) and ozone (typically lower above the boundary layer); it was also calculated using the NCAR CESM for each sample location and time. Surface fluxes of sensible and latent heat were measured by eddy covariance between the vertical wind velocity and sonic virtual temperature or water vapor density, respectively. Fluxes were computed over 30 min time averages. Prior to computation of the covariance (flux), the wind coordinate system was rotated such that the mean vertical wind and cross-wind velocities were equal to zero (Kaimal and Finnigan, 1994) . Gradient approaches with BVOC, CH 4 , N 2 O and CO 2 mixing ratios obtained from aircraft and tethered balloon sampling platforms were used to characterize gas exchange across local to regional spatial scales (e.g. Greenberg et al., 1999) . In addition, a surface layer-variance technique (Lenschow and Stephens, 1980 ) was used to estimate BVOC fluxes.
Estimates of isoprene and monoterpene emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature)
We used the MEGAN model version 2.1 (Guenther et al., 2012) to estimate regional scale emissions using three approaches for determining landscape emission factors: first with the default MEGAN values, second based on the foliar enclosure measurements of emission capacities of the dominant species measured in the campaign, and third based on estimates from inverse modeling using ambient concentrations measured during the campaign. Summarizing, MEGAN estimates the net emission rate (mg compound m À2 earth surface h À1 ) of isoprene and monoterpenes from terrestrial ecosystems into the above-canopy atmosphere at a specific location and time as
Emission ¼ ½ 3½g½r (1) where 3 (mg m À2 h À1 ) is an emission factor which represents the emission of a compound into the canopy at standard conditions, g (normalized ratio) is an emission activity factor that accounts for emission changes due to deviations from standard conditions and r (normalized ratio) is a factor that accounts for production and loss within plant canopies. Although canopy-scale measurements are becoming more available, the MEGAN canopy-scale emission factors are still primarily based on leaf and branch-scale emission measurements that are extrapolated to the canopy-scale using a canopy environment model. The standard conditions for the MEGAN canopy-scale emission factors include a leaf area index, LAI, of 5 and a canopy with 80% mature, 10% growing and 10% old foliage; current environmental conditions including a solar angle (degrees from horizon to sun) of 60 , a photosynthetic photon flux density (PPFD) transmission (ratio of PPFD at the top of the canopy to PPFD at the top of the atmosphere) of 0.6, air temperature ¼ 303 K, humidity ¼ 14 g kg for shade leaves. The factor g is equal to unity at these standard conditions. Emissions are calculated for each plant functional type (PFT) and summed to estimate the total emission for a location. MEGAN uses an approach that divides the surface of each grid cell into different PFTs. The PFT approach enables the MEGAN canopy environment model to simulate different light and temperature distributions for different canopy types (e.g. broadleaf trees and needle trees). In addition, PFTs can have different LAI. One drawback of this approach is that in comparison with trees, there are relatively few measurements of isoprenoid emission factors for shrub, grass, and other plant species which increases the uncertainty of the emission estimates of more arid sites. We used the land cover characterization including shrubs and ground cover described above (Fig. 2) . Experimental evidence over the past two decades has implicated a number of physical and biological factors in modifying the capacity of a leaf to emit isoprenoids (Peñuelas and Llusia, 2001 . Among these factors there are the incident PPFD and the leaf temperature, which control emissions on short (seconds to minutes) time scales (Guenther et al., 1993) , but which also influence the isoprenoid emission capacity of a leaf over longer (hours to weeks) time scales (Blanch et al., 2011; Monson et al., 1994; Sharkey et al., 2000; Geron et al., 2000; Petron et al., 2001) . A leaf's ability to emit isoprenoids is clearly influenced by leaf phenology; generally speaking, for example, very young leaves of isoprene-emitting species emit no isoprene, mature leaves emit maximally, and as leaves senesce, emission capacity gradually declines. Although studies indicate that isoprenoid emission is less sensitive than photosynthesis to decreasing soil moisture (Pegoraro et al., 2004; Llusia et al., 2011) , increasing drought directly affects isoprenoid emission (as well as indirectly mediating emissions through changes in leaf temperature) (Peñuelas and Llusia, 1999a) . Finally, there is growing evidence that changes in the composition of the atmosphere, e.g. increased CO 2 (Rosenstiel et al., 2003) and episodic increases in ozone (Llusia et al., 2002; Velikova et al., 2005) , may affect isoprenoids emission capacity. The total emission activity factor is the product of a set of non-dimensional emission activity factors that are each equal to unity at standard conditions, g ¼ gCE$gAge$gSM where gCE describes variation due to LAI and light, temperature, humidity and wind conditions within the canopy environment, gAge makes adjustments for effects of leaf age, and gSM accounts for direct changes in g due to changes in soil moisture. Descriptions of the methods used to estimate each of the activity factors included in this equation are given in Guenther et al. (2006 Guenther et al. ( , 2012 .
Chemicals emitted into the canopy airspace do not always escape to the above-canopy atmosphere. Some molecules are consumed by biological, chemical and physical processes on soil and vegetation surfaces while others react within the canopy atmosphere. Some emissions escape to the above canopy atmosphere in a different chemical and/or physical (i.e., gas to particle conversion) form. MEGAN includes a factor, r, that accounts for losses and transformations in the canopy. The resulting emission estimate is a net canopy emission but is not the net flux. The net ecosystem atmosphere isoprene flux is the sum of the MEGAN net emission rate estimate and an above-canopy deposition rate that can be estimated from an above-canopy concentration and a deposition velocity. The MEGAN canopy loss factor for isoprenoids, rISO, is the ratio of isoprenoids emitted into the above canopy atmosphere to the isoprenoids emitted into the canopy atmosphere. Additional factors account for the emission of gases and aerosols produced from the oxidation of isoprene within the canopy. Variations in isoprenoid canopy production and loss were estimated as described in Guenther et al. (2006) . The variability is greater for more reactive compounds such as the sesquiterpene, b-caryophyllene, for which the canopy loss factor rCARY can vary from <0.1 to >0.6 depending on environmental conditions. The MEGAN algorithms require estimates of land cover (LAI and PFT distributions) and weather (solar transmission, air temperature, humidity, wind speed, and soil moisture) conditions. The standard driving variables used for running MEGAN were those obtained in the campaign and from land cover analysis.
Comparing measurements at different platforms and models
At the end of the data analysis, balloon data were compared with mast data to determine at what altitude air samples must be taken to accurately reflect landscape emissions. Then we compared the mixing ratios we measured with what standard models may predict for these areas, using MEGAN input for landscape emissions and an ecosystem chemistry-climate model to predict mixing ratios. Emission rates in the MEGAN model (initially set for plant functional types) were then adjusted to produce the best agreement with measured mixing ratios. These landscape emission rates were then compared to those rates produced from detailed vegetation distribution and emission rate data.
Results and discussion
Satellite based estimates of land cover and surface exchanges
MODIS data showed clear increasing trends in NDVI, EVI, LAI and FPAR from the semidesertic site at Monegros to the wet temperate site at Montseny especially in July (Fig. 4) . The Garraf shrubland site presented the second lowest values and Prades holm oak forest the second highest values (Fig. 4) . These differences in biomass translated into similar parallel trends for water exchange (ranging from 1 to 5 kg water m À2 d À1 from Monegros to Montseny) (Fig. 4) and CO 2 exchange and productivity (ranging from 1 to 10 g C m -2 d À1 ) (Fig. 4) .
The contrast was especially marked in summer, when for example NDVI ranged between 0.2 in Monegros and 0.9 in Montseny. Similar pattern was found for GPP and net photosynthesis, ranging from 1.5 to 10.5 g C m À2 d À1 and 1e7 g C m À2 d
À1
respectively in summer and from 2.5 to 6 and 2e5 g C m À2 d
respectively in spring (Fig. 4) . The April narrower range resulted from semidesertic Monegros being at its optimal conditions in spring while the leaves of beech forests in wet temperate Montseny were completely unfolded and were developed only under its optimal conditions in July. (Fig. 4) . Night temperature followed the same trend but with much narrower differences among sites and with overall, logically, lower values (Fig. 4) . Potential evapotranspiration and potential latent heat followed inverse trends to the corresponding actual values with the highest potential values in the semidesertic hot Monegros and the lowest potential values in the wet temperate cool Montseny (Fig. 4) . The latent heat and the sensible heat measured on the towers agreed well with those estimated by MODIS with increasing relative importance of latent heat (decreasing Bowen ratio) from the semidesertic Monegros site to the wet temperate site Montseny (Fig. 5 ) thus following the biomass gradient. Midday Bowen ratios ranged from 0.5 (Prades) to 1.5 at Garraf in April. In July, the ratios increased to 0.9 (Prades) up to 2.9 (Monegros). Cool, cloudy weather during the 2-day study period at Monegros in April resulted in a lower Bowen ratio than would have been predicted.
Leaf level gas exchange
Foliar net photosynthetic rates showed a significant seasonal contrast with higher values in spring than in summer in the Monegros species T. tinctoria and in the Garraf shrubland species Q. coccifera. In contrast, no differences were found for the Mediterranean forest species Q. ilex and values were lower in spring than summer for the wet temperate beech forest species F. sylvatica where leaves were just unfolding in April (Fig. 6) . In all cases diurnal values ca. 4e6 mmol m À2 s À1 tended to decrease from midmorning to afternoon. For T. tinctoria in Monegros, the net photosynthetic rates were extremely low at evening in summer while for F. sylvatica they were very low in spring sampling when leaves were just starting to unfold. Transpiration rates were ca. 1 mmol m À2 s À1 and had their maxima around midday.
Monegros (Thymelaea tinctoria)
Photosynthetic rates (μmol 10:00:00 12:00:00 15:00:00 18:00:00 22:00:00 10:00:00 12:00:00 15:00:00 18:00:00 22:00:00 10:00:00 12:00:00 15:00:00 18:00:00 22:00:00 10:00:00 12:00:00 15:00:00 18:00:00 Foliar emission rates of monoterpenes of the dominant species assessed were one order magnitude higher in summer than in spring. In summer they were very high, especially for Q. coccifera (up to maxima of 60 mg g À1 h
À1
) and Q. ilex (up to maxima of 100 mg g À1 h À1 ) (Fig. 8) . Emissions nearly stopped in the dark (Fig. 6 ).
3.3. Surface layer balloon (5e100 m) and mixed layer balloon (100e400 m). Isoprenoid profiles
An example of the mixing ratios of the BVOCs we monitored with the PTR-MS between 5 and 100 m is shown in Fig. 7 for all sites. There was often a decreasing concentration with altitude and with time of the day until the lowest values for all VOCs were reached at night (data not shown).
Measurements by the mixed layer balloon system showed mixing ratios in the vertical profile differing significantly among the four studied ecosystems, as shown for a selected sunny day at the same time in the morning ranging from trace level up to few ppb (Fig. 8) . In some cases, the major monoterpene species identified in the mixing ratio corresponded to the monoterpene recognized to be the main biogenic compound emitted by the dominant plant species of the related ecosystem: predominant emission of sabinene from the beech stand in Montseny as well as high emission of a-pinene from holm oak in Prades confirm previous findings on emission of these species Dindorf et al., 2005; Llusia et al., 2011) . The consistency between the monoterpene composition in the mixing ratio gradient and in the emission source, also found at leaf level in this project, confirmed the local origin of these compounds.
Differences among mixing ratios measured above the studied ecosystems depend not only on the different emission capacities of the major plant species and percentage of terpene emitters, but also on atmospheric dynamics of boundary layer and photochemical processes including the different reaction rates and corresponding lifetimes. Fig. 9 shows typical daily variation of the vertical gradients of isoprene and total monoterpene mixing ratios that were obtained for a selected day (21th July 2010) in Prades. The profiles show a strong decrease in concentration of isoprene and total monoterpenes with increasing altitude in the mixed layer, ranging from about 0.51 to 0.19 ppb, respectively, to below detection limit, as well as in some cases they show quite uniform well-mixed mixing ratios. The isoprene and total monoterpene mixing ratios dependence with height above ground had a similar pattern in the shape of vertical profiles and expected behaviors for gases with a source at the surface, suggesting that no significant additional input from other terrestrial source were impacting the sampling site or were disturbing the regular development of the atmospheric boundary layer. However, in some cases (e.g. shown in Fig. 9 ) the vertical profile of total monoterpenes might be also attributable to an advection transport from nearby terrestrial sources as demonstrated by a concentration increase at 150 m, likely associated with other vegetation processes or anthropogenic emissions.
Isoprene mixing ratios followed a well-established diurnal pattern with maximum values at the first sampling level from the ground in the central hours of the day and minimum in the morning and afternoon which is consistent with its emission dependence on light and temperature (Guenther et al., 1993) . Isoprene emission is undetectable in the dark, but begins rapidly upon illumination and is fully induced within 30 min (Loreto and Sharkey, 1990; Monson et al., 1991) . Once induced, isoprene production responds rapidly to variations in photosynthetically active radiation (PAR). Total monoterpene mixing ratios showed a different temporal diurnal pattern with higher concentration in the morning at the closest height from the ground and a quite rapid decrease toward midday and afternoon as also found at the other studied sites. The emission of monoterpenes from vegetation is largely a function of temperature, although for some species such as Q. ilex, which specifically dominates in Prades site, a light dependence has also been observed (Peñuelas and Llusia, 1999b; Kesselmeier et al., 1996) . While the observed highest monoterpene mixing ratios in the morning might be explained by local biogenic sources , other factors could play a role late in the morning and during the rest of the day when their mixing ratios decrease. In the specific case of the Prades site, monoterpene emissions by Q. ilex measured at the leaf-level during the field campaign showed a similar trend (Fig. 6 ), but diurnal variations of monoterpene mixing ratios might also be explained by convective mixing, photochemical conversion, and atmospheric meteorology and dynamics (Seco et al., 2011; Sangiorgi et al., 2011) . Distinct vertical gradients of isoprene can be explained by its reactivity with the OH radicals, resulting in a decreasing concentration with altitude in the CBL (Chameides et al., 1992) . Vertical distribution of terpenes in the convective boundary layer is influenced by both convective mixing and photo-oxidation processes.
Air circulations in all the studied sites are strongly determined by the topography of the valley. Most of these studied sites might be influenced by different wind regimes such as sea and mountain breeze (Toll and Baldasano, 2000; Pérez et al., 2008 ) that can transport air masses enriched with the contribution of the biogenic emission of plant species that are different from the dominant vegetation of each site (Seco et al., 2011) . Also advection of polluted air from anthropogenic sources is considered as other authors have reported the advection of polluted air masses over these regions in Spain (Millán et al., 1997) .
Back-trajectories calculated using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Draxler and Rolph, 2012; Rolph, 2012) showed a consistent flow of air from the southeeast side of Prades to the experimental site during the sampling time of the individual flights (Fig. 9) . The area is mostly forest with small patches of cultivated land and small urbanized areas located in the trajectory of the air masses penetrating inland toward Prades. Toll and Baldasano (2000) through photochemical simulation modeling showed in this Mediterranean region a high photochemical activity between anthropogenic and biogenic VOCs as combined with mesoscale circulation developed during the sunny hours in the afternoon of summertime.
In conclusion, these mixing ratios measured by the mixed layer tethered balloon platform confirm the validity of previous monoterpene mixing ratio predictions, thus producing a realistic representation of the BVOC emission from the studied Mediterranean ecosystems.
Aircraft measurements
The vertical profiles of temperature, absolute humidity and O 3 of each flight provided a clear indication of the altitude of the top of the boundary layer (see example in Fig. 10 ). Upon exiting the top of the boundary layer, potential temperature was typically seen to increase, whereas humidity and ozone mixing ratio decreased. Humidity tended to be the most reliable variable for determining boundary layer height. The change in ozone across the boundary layer was not always evident as this would only be expected during periods of high photochemical activity which could generate higher O 3 mixing ratios within the boundary layer. O 3 mixing ratios were quite high, around 60 ppb. Tropospheric ozone was likely produced in situ through NOx, VOC, and CO photochemistry most of the time although there may have been contributions from stratospheric intrusions and advective background air mass dynamics. The major O 3 sink is surface deposition, which was evident by decreases in mixing ratio in the lowest 200e300 m.
VOC data from adsorbent cartridges collected on the aircraft showed that isoprene tended to vary between 0.3 and 0.6 ppbv at Garraf, Monegros and Prades, but were slightly higher (0.45e 0.7 ppbv) above Montseny. Mixing ratios of a-pinene (the most dominant monoterpene) were observed to vary between 0.05 and 0.15 ppbv at all sites. Although cartridges were sampled at different altitudes, the variability among the samples made it difficult their use to determine landscape-level fluxes via techniques such as the mixed-layer gradient approach.
MEGAN model estimations
MEGAN estimates of seasonal variations using literature default emission factors followed the general patterns of the measurements with maximum isoprene emission rates in Garraf five times larger in July than in April and maximum terpene emission rates in Prades in July (3 mg m À2 h À1 ) three times larger than in April (data not shown). The other sites presented up to 0.5 mg m À2 h À1 Fig. 8 . Monoterpene mixing ratios (ppb) and relative abundances of different monoterpenes measured in a typical sunny day of July at 100 m height above ground at 10:00 AM in the morning at the studied ecosystems. emissions of terpenes in July also ca. 3 times larger than in April (data not shown). MEGAN estimates of seasonal variations using the emission factors of the dominant species in each site measured at the foliar scale in the same campaign ranged from about 0 to 0.2 mg m À2 h
À1
in April. The warmer temperature and the higher emission factors in July resulted in one order of magnitude higher model estimates: from about 0 to ca. 1.6 mg m À2 h À1 for isoprene and ca.
4.5 mg m À2 h À1 for monoterpenes, depending on the site vegetation and footprint area considered (Fig. 11 ).
These estimations varied spatially when considering the relative land cover of the different PFT and species of increasing footprint areas around the central measurement point of each site and when considering the different quadrant land covers (data not shown).
BVOCs and air quality in the Western Mediterranean Basin
Once in the atmosphere, VOCs may deposit or undergo chemical degradation, normally initiated by reaction with OH, O 3 or NO 3 (Atkinson, 2000) , that lead to the formation of oxidized VOCs (e.g. aldehydes and ketones) and CO and then finally CO 2 and/or secondary organic aerosol (Goldstein and Galbally, 2007) . Because many BVOCs are extremely reactive (Fuentes et al., 2000; Atkinson and Arey, 2003) , they can contribute significantly to episodes of elevated surface-level ozone in NOx-rich conditions (e.g. Pierce et al., 1998) . O 3 mixing ratios in these areas were particularly high, ca. 60 ppb in summer. Isoprene and monoterpenes are some of the primary reactants of tropospheric chemistry exerting strong influences over tropospheric ozone (O 3 ) and hydroxyl radical (OH) chemistry, formation of organic nitrates and deposition of organic acids to rural areas . Biogenic VOCs are also important information of secondary organic aerosols (SOA) (Kavouras et al., 1998) . The Western Mediterranean Basin (WMB) presents peculiar atmospheric dynamics regulated by complex climatic and orographic effects which determine the levels, composition and transport of air masses. During typical summertime conditions the WMB is characterized by the development of meso-scale phenomena favored by weak synoptic forcing and induced by orographic features of the WMB (surrounded by high mountains) (Millán et al., 1997; Pérez et al., 2004) . High surface pressure with low or almost nonexistent pressure gradient and low wind is the main condition associated with the WMB summertime (Millán et al., 1997; Rodríguez et al., 2002) . Under these conditions the local/regional circulations dominate the atmospheric dynamics over the WMB thus enhancing the regional accumulation of pollutants. As a consequence of this weak synoptic forcing, the high maximum temperature favors meso-scale flows associated with the local orography (mountain and valley breezes) while temperature differences between sea and land favor the development of sea-land breezes (Millán et al., 1997; Gangoiti et al., 2001; Rodríguez et al., 2002 Rodríguez et al., , 2003 Jorba et al., 2004) . Under the above conditions the regional accumulation and the multi-layering of polluted air masses is favored at regional scale . The levels of gases and energy exchange at regional levels in the WMB are dominated by two major causes. From one side, the densely vegetated areas, located along the WMB coastline contribute to the water energy and gas load in the atmosphere with large VOC emissions. From the other side, the atmospheric circulations play an important role influencing factors such as dispersion, transport or stagnation of gases.
Conclusions and final remarks
The MONTES campaign was an international measurement campaign performed across scales from leaves up to the atmospheric boundary layer using a suite of instruments and sampling platforms such as masts, tethered balloons and aircraft. The main objective was to achieve a comprehensive understanding of energy, water and reactive gas exchange processes in the WMB by means of an integrated approach that could shed light on the influence of vegetation of increasing biomass on local and regional atmospheric chemistry and physics. The first results presented in this overview highlight the complexity of the interactions between land cover and the meteorological and chemical traits of the lower troposphere. The concentration dependence with height above ground showed the expected behavior for gases with a source at the surface. In general, concentration decreased with height or remained constant with altitude. The fluxes measured here especially in the drier areas with lower green biomass are especially valuable since there are fewer studies in such habitats. For the wet temperate site, the fluxes measured were of the same order of magnitude of those measured in other areas, although most of the other studies were in more productive ecosystems (Michigan mixed hardwood/pine forest and tropical forests) (e.g. Karl et al., 2003) .
This overview of the MONTES campaigns with examples of preliminary results obtained already shows significant changes in the fluxes of gases, energy and water among the different sites with clear trends associated with the amount of green biomass and its biological characteristics, including its capacity of isoprenoid emission. Results from these investigations for which we have presented an initial overview will quantify the flux of CO 2 , VOCs, NO 2 , CH 4 , energy and H 2 O, from contrasting areas of woodlands of different biomass. This will contribute to understanding of currently unknown aspects of biology, chemistry and physics of the atmosphere, such as the controversial intensity and spatial extension of the effect of vegetation on climate.
The integration of canopy scale trace gas, energy and water flux parameterizations into coupled community earth system models has enabled the scientific community with a widespread capability for investigating the role of ecosystemeatmosphere exchange in controlling earth system interactions. In addition, the extensive application of eddy covariance flux measurement systems to quantify canopyeatmosphere exchange provides a basis for parameterizing and evaluating fluxes estimated by earth system models. However, there remain many landscapes that have not been investigated especially those typically found in complex or heterogeneous terrain and there are relatively few sites where reactive gases, such as BVOC, have been studied. Investigation of the large number of these landscapes across the globe requires the development, evaluation and application of techniques that enable rapid characterization of landscape scale ecosystem-atmosphere fluxes. The MONTES study suggests that a relatively limited effort with indirect flux estimation techniques has the potential to improve model simulations and indicates that further studies are warranted. This should include a more comprehensive evaluation of indirect flux estimation techniques using direct eddy covariance flux measurements in landscapes that range from simple to complex and from homogeneous to heterogeneous. Airborne eddy covariance flux measurements will be especially useful for providing a capability to evaluate indirect flux estimates over a wide range of locations. This has the potential to provide a valuable tool that could improve the performance and reliability of earth system model predictions.
